The present study focuses on a design analysis of a shaped liquid piston compression chamber based on CFD. The liquid piston compression chamber is for application to Compressed Air Energy Storage (CAES), which can be used to even the mismatch between power generation and power demand, and, thus, the objective of the design exploration is to maximize the compression efficiency. Within the compression chamber is an open-cell metal foam medium for enhancement of heat transfer. Traditionally, the chamber has a cylindrical shape. The present study explores the effects on compression efficiency of varying the profile of cross-sectional diameter along the axis of the chamber. This leads to a compression chamber with curved walls that assumes a gourd-like shape. A set of exploratory design cases is completed using the orthogonal array concept based on the Taguchi method, hence reducing the number of realizations. CFD simulations provide insight into how the chamber shape affects the flow physics during compression. A quantitative design analysis shows that, in general, a large aspect ratio and a steep radius change of the chamber is preferred, which is in line with a visualization of the CFD flow fields. The relative importance of each different shape parameter is analyzed.
INTRODUCTION
A design analysis for a shaped liquid piston compression chamber for application to Compressed Air Energy Storage (CAES) is presented. The CAES stores energy (e.g. from wind turbines) by compressing air during low power demand periods, liberating it by expanding compressed air during high power demand periods [1] . The benefit is that it evens the mismatch between power generation and power demand, such as experienced with wind generation. Analyses based on CFD simulations have shown that compression efficiency is higher when the compression process is more isothermal, for the same pressure compression ratio [2] . Typically, compression results in a temperature rise of the compressed air. This temperature rise occurs as a result of part of the compression work being converted into an increase in internal energy of the air. This internal energy rise is wasted, however, during the storage period as the compressed air cools to ambient temperature. Therefore, cooling the air during compression is important for lowering input work and maintaining high compression efficiency. Avoiding high temperatures is important also for materials and durability reasons.
A liquid piston approach can be used for the CAES compression. The sealing effectiveness of a liquid piston gives an advantage over a traditional solid piston in terms of power consumption [3] . A more important advantage of the liquid piston to CAES is that it offers the possibility of inserting porous media into the chamber to enhance heat transfer, as liquid can flow through the pores of porous medium. Detailed modeling and CFD simulations have been conducted on liquid piston compressors with open-cell metal foam inserts for application to lower pressure compression ratios. The results show that such compressors benefit from the cooling effect afforded by a liquid piston and the accompanying heat absorbing media for improving compression efficiency [4] .
Numerical modeling of the liquid piston compressor with the inserts of porous media is done with the volume-averaging techniques [5, 6] . The continuity, momentum and energy equations are volume-averaged on the scale of a Representative Elementary Volume (REV) of the porous medium. Instead of resolving the flow through the exact shape of the porous medium, these volume-averaged equations are solved. As a result, flow through porous medium is solved in a continuum domain without the need for resolving the pore-scale activities directly; a negative momentum source term arises in the momentum equation that represents the pore scale activities and satisfies closure. This term is often modeled by Darcian and inertial terms [7] . Two volume-averaged energy equations, one each for the solid and fluid, are solved, coupled by an interfacial heat transfer term. Since the liquid piston chamber invoves two phases, water and air, the Volume Of Fluid (VOF) method [8] is used in conjunction with the porous media model.
Traditionally, the compression chamber has a cylindrical shape. The present study explores the compression efficiency change that is derived by varying profiles of cross-sectional diameter along the axis of the chamber. This leads to a compression chamber with curved walls that make it assume a gourd-like shape. The advantage of such shape is that it offers an opportunity for more complex flow features in the chamber during compression that enhance mixing and heat transfer. To analyze the wall shape effect, the shape is parameterized and a series of design exploration cases based on orthogonal arrays is created. The orthogonal arrays of experiments have been often used with the Taguchi optimization method [9] , and shown to be capable of reducing the number of realizations, whether experimental or numerical [10, 11] . In the present study, four shape parameters are recognized, each having four different values of parameters of interest. Based on the orthogonal array method, sixteen orthogonal arrays of the design are created, each is analyzed by a CFD run. The results give insight into the fluid flow and heat transfer characteristics in the compression chamber and lead to an optimized chamber shape within the chosen parameter domain.
ORTHOGONAL ARRAYS OF EXPLORATORY DESIGNS
The present study investigates the effects of the shape of a liquid piston compression chamber. A schematic of randomly shaped chambers is shown in Fig. 1 . Within the chamber is inserted an open-cell metal foam porous medium of 10 Pores Per Inch (PPI) and 93% porosity. As water is pumped into the chamber (on the left of the figure -note that gravity is from right to left in this figure), a rising water-air interface acts as a piston surface which compresses the air in the chamber. The compression process starts with pre-compressed air at 7 bars and 293 K, and ends at 210 bars after 3 seconds. The chamber volume is fixed at 2.19 × 10 −3 3 in this study. The chamber's main shape is governed by four parameters, as labelled in Fig. 1 : the length, the inlet radius, the maximum radius, the top cap radius and the location of the maximum radius with respect to the inlet. Of interest to the design is analysis with the different ratios of these five shape parameters, since the chamber volume is fixed. Four dimensionless shape parameters based on these five length scales are created:
The domains of interest for these parameters are: 1 ≤ 1 ≤ 8, 1.5 ≤ 2 ≤ 6, 0.333 ≤ 3 ≤ 0.8, 1.5 ≤ 4 ≤ 6 . Four levels (values) for each parameter within its own domain are chosen for investigation. They are given in Table 1 . Using the "L' 16 Array," based on the Taguchi design method [9] , sixteen orthogonal exploratory shape designs are created, and given in Table 2 . A design is an array of shape parameter values, and it is orthogonal to other arrays of parameter values. The orthogonal array method can be proven mathematically. A practical perspective is that (1) each design is most different from the others, and (2) in all 16 designs, each level of each parameter has been combined with all other levels of other parameters. CFD simulations are done for different designs. Design 1
CFD MODELING
Each of the designs in Table 2 is analyzed by CFD. The compression chamber is studied in cylindrical coordinates. As shown in Fig. 1 , the axis is along the centerline of the compression chamber. The gravitational field points opposite to the axis direction . At time=0, water begins to be pumped at a constant rate into the chamber. During compression, water, air, and solid coexist in the chamber.
The CFD simulations utilize a technique that combines a two-energy-equation porous media model (solid and fluid) and a Volume of Fluid (VOF) analysis method for two-phase flow simulation. The continuity equation for each of the two fluid phases is solved. The transport of the two fluid phases is numerically represented by the scalar functions of phase volume fraction, . Let subscripts 1 and 2 represent air and water, respectively. Then, the continuity equations are:
One set of momentum and energy equations is solved for the mutiphase flow mixture, based on averaged properties:
where: = 1 1 + 2 2 (10)
The energy equation for the solid is
The momentum sink term, , arises from volumeaveraging the momentum equation on the pore scale of the porous medium. It represents the resistance of the medium to flow. It can be modeled based on a Darcian and an inertial term: The fluid and solid energy transport equations must be coupled through an interfacial heat transfer term. Previous studies [4] show the following heat transfer correlation can represent the 10PPI metal foam: 
where the mean pore diameter for the 10PPI metal foam is: = 3.61 . Other physical properties of the analysis are given in Table 3 .
Computed are compression processes from 700kPa to 21MPa. Due to the high pressure, a cubic equation of state for air treated as a real gas is used to relate air pressure to density and temperature [12] The acentric factor, , is taken to be 0.033. For air, the critical pressure, critical temperature and molecular weight are respectively, 3.758MPa, 132.3K and 29g/mol. The universal gas constant is 8.314J/(mol K). The specific heat for a real gas is modeled using a departure specific heat [12, 13] :
where the ,1,ideal is for an ideal gas. For air, ,1,ideal is taken as a function of temperature based on a curve fit of the data from [14] . The departure specific heat is based on the following equation, (14), is implemented through a user-defined scalar equation. The 1 st order implicit method is used on the transient discretization. Spatial derivatives are differenced using a 2 nd order upwind scheme. The Pressure Implicit with Splitting Operators [15] algorithm is used for pressure-velocity coupling. Also used was The Pressure Staggering Option scheme [16] for calculating discretized pressure values on a staggered grid. The Green-Gauss Cell-Based method is used to calculate the face value of a variable based on the arithmetic average of the values at its adjacent cell centers. In each time step, convergence is satisfied when the residual is smaller than 
RESULTS

Flow Field
The temperature distributions at the end of the compression processes for different chamber designs are shown in Figs. 2 -17. In these plots, the bottom boundary is the centreline of the chamber and gravity points horizontally from right to left. Water enters the chamber from the left boundary as shown in the figures. The water rises in temperature only very slightly during compression and is occupying regions colored by dark blue, as shown in these plots. Large temperature gradients are present in the air phase. The different chamber shapes affect air temperature distributions differently.
The air temperature distribution in the radial direction at the end of compression is mostly affected by how abruptly the chamber's radius changes near the top cap, or the parameter 4 . As shown in Figs. 4 -6, 10, and 11 , when the wall slope is large near the top cap, flow near the side wall next to the water-air interface has a lower temperature due to a radial velocity component, and heat transfer is thus enhanced.
Large air temperature gradients in the axial direction commonly exist in all the chambers. The reason is that flow near the top cap of the chamber is generally in stagnation, which limits the amount of heat transfer between the metal foam and the top cap, and flow near the water-air interface has a high velocity and, thus, offers good heat transfer. However, when the chamber is longer, or has a larger aspect ratio, 1 Although the chamber's shape has complicated effects on the flow and temperature fields, these preliminary observations based on Figs. 2 -17 show that, in general, large aspect ratios ( ) and abrupt changes in radius may agitate the flow, which is beneficial for heat transfer and cooling of the compressed air.
Compression Efficiency
The thermodynamics efficiencies of different chamber designs are calculated based on CFD results. Compression stores energy in the form of compressed gas for later work extraction. The storage energy is the amount of work output derived as the compressed air undergoes an isothermal expansion process. It is given by:
The total work input is of two parts, the compression work and the cooling work. The compression work is done during compression from = 0 to = and is given by
After compression, the compressed air cools to the initial temperature through an isobric process. As the air cools, its volume decreases, and, thus, additional cooling work is done to maintain pressure: The efficiency of a compression process is the ratio of the storage energy to the total work input,
The efficiency values for different chamber designs are calculated and shown in Fig. 18 . A comparison of efficiencies among different chambers is in line with the observations made in the previous section. Keeping the chamber longer and making the cross-sectional radius change steeper are beneficial for achieving higher efficiency (Designs 16 and 15) . In general, the steep change of cross-sectional radius results in more radial flow, which enhances mixing; the long, thin shape on the top increases the length that the flow travels, and, thus, its speed, which offers more opportunity for heat transfer.
Note that in this definition of efficiency, the work that ejects the compressed air from the compression chamber into the storage vessel is not counted with the storage energy. However, the CAES system may be designed such that this ejection work can be used for the next compression cycle, which will result in an increase of about 20% in the efficiency, but the comparison among different chambers remains the same. 
Design Exploration
The individual effect of each parameter at each level is calculated. Table 2 shows the sixteen orthogonal arrays with each level of each parameter appearing in four designs. Therefore, the effect of a parameter at a certain level is the average of the efficiency values of the corresponding four designs in which this level of the parameter appears. For example, the effect of 1 at ℒ 1 is:
Similarly, the effects of all other parameters at different levels are calculated. The results are shown in Fig. 19 . For each parameter, the relation between its levels and the efficiency is non-linear. For parameters 1 and 2 , the minimum efficiencies correspond to their middle levels, in both cases a parameter value of 2, and the maximum efficiencies correspond to the maximum levels within their own parameter domains. For parameters 3 and 4 , the maximum efficiencies correspond to their middle levels, ℒ 2 for 3 , and ℒ 3 for 4 . Therefore, the best design of the chamber would have the following shape parameters: In designing the chamber, changing one shape parameter may not be as effective toward improving the efficiency as changing another. The effects of different parameters are thus compared. For each parameter, a relative effect is calculated by taking the difference between maximum and minimum efficiencies and divide it by the difference between the maximum and minimum levels. The calculated relative effects:
, and ∆ ∆ 4 , are, respectively: 0.0058, 0.0040, 0.0016, and 0.0039. As can be seen, the aspect ratio of the chamber (the length to the maximum radius ratio) is the most important parameter; the effects of the maximum radius to the inlet radius and to the top radius are similar and less important than the aspect ratio; the axial location of the maximum radius is the least important of the four shape parameters.
CONCLUSIONS
A CFD-based design analysis has been done for a liquid piston compression chamber. CFD results reveal detailed flow features in the chamber. When the chamber is longer and has a steeper change in cross-sectional radius, the flow is more agitated and, thus, better heat transfer results. The physics shown by CFD visualization of the flow fields are in line with the design analysis results. A best design has a large aspect ratio and a steep radius change. It is proposed. Relative importance levels of different shape parameters are calculated, which provides further insight into the design.
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